By considering a simple driven model involving the resistive 3D MHD interaction of magnetic sources it is shown that it is essential to know the magnetic skeleton to determine (i) the locations of reconnection, (ii) type of reconnection, (iii) the rate of reconnection and (iv) how much reconnection is occurring. In the model, two opposite-polarity magnetic fragments interact in an overlying magnetic field with reconnection first closing and then opening the magnetic field from the sources. There are two main reconnection phases: the first has one reconnection site at which the flux is closed and the second has three sites. The latter is a hybrid case involving both closing and reopening reconnection processes. Each reconnection site coincides with its own separator and, hence, all reconnection is via separator reconnection. All the separators connect the same two nulls and thus mark the intersection between the same four types of flux domain. In the hybrid state, the two competing reconnection processes (which open and close flux connecting the same two source pairs) run simultaneously, leading to recursive reconnection. That is, the same flux may be closed and then reopened not just once, but many times. This leads to two interesting consequences: (i) the global reconnection rate is enhanced and (ii) heating occurs for a longer period and over a wider area than in the single separator case.
Introduction
Arguably the most important magnetic energy release process in the solar atmosphere is magnetic reconnection, which is the key mechanism in most solar flare, coronal mass ejection and coronal heating models. Magnetic reconnection is also central to many phenomena in the magnetosphere on both the day and night sides and is also important in astrophysics, for instance in accretion discs and stellar coronae. In particular, Close et al. (2004; 2005) extrapolated potential magnetic fields from observed magnetograms of the quiet Sun. Then, by assuming an equi-potential evolution to the field, they showed that all the magnetic connections in the quiet-Sun corona can change (recycle) in just 1.4 hrs. This suggests that reconnection is continuous and wide spread throughout the quiet-Sun corona and is highly likely to be the dominant heating mechanism there.
There have been many works investigating the details of magnetic reconnection in twodimensions (see Priest and Forbes (2000) for a comprehensive review), but it is really only in the past decade or so that the focus has turned to studying reconnection in three-dimensions (e.g. Birn et al. 1998; Longcope 2001; Lau & Finn 1990; Priest & Démoulin 1995; Hesse, Kuznetsova & Birn 2001; Pritchett 2001; Priest, Hornig & Pontin 2003; Linton & Priest 2003; Pontin & Craig 2006; Pontin & Galsgaard 2007) . Reconnection in three-dimensions is much richer than in two dimensions with many more types of reconnection possible. This is very much to do with the increased complexity of the magnetic skeleton (real or quasi) in three-dimensions (Bungey et al. 1996; Priest, Bungey & Titov 1997; Titov, Hornig & Priest 2002; Haynes et al. 2007; Parnell 2007) . All reconnection mechanisms occur at inhomogeneities in the magnetic field (current sheets). One set of inhomogeneities can occur at the interfaces between topologically distinct elements of the magnetic field. These structures are all elements of the magnetic skeleton which consists of the following features:
• Sources through which the field enters or leaves the region;
• Null points where the magnitude of the magnetic field equals zero;
• Flux domains which are simply connected volumes within which field lines connect the same two sources (usually bounded by separatrix surfaces or the source plane);
• Separatrix surfaces which form a boundary between flux domains and consist of field lines that extend from a source to a null point;
• Separators which are special field lines that link two null points and represent the intersection of two separatrix surfaces, and hence the confluence of four flux domains.
In three dimensions, separator reconnection is one of the major reconnection mechanisms (e.g. Galsgaard & Nordlund 1997; Longcope 1998; Galsgaard, Parnell & Blaizot 2000; Longcope 2001; Parnell & Galsgaard 2004; Galsgaard & Parnell 2005; Longcope 2005; Haynes et al. 2007) . During separator reconnection the fluxes from two of the four surrounding flux domains is converted into flux that lies in the remaining two domains. This is analogous to reconnection at an X-point in two dimensions. Indeed, if you take a cut perpendicular to a separator the magnetic field has an X-type structure, but the dominant component of the magnetic field in such a region is parallel to the separator. Furthermore, unlike in two dimensions, fieldlines do not reconnect in pairs, but rather continuously reconnect throughout the diffusion region (Priest, Hornig & Pontin 2003; Pontin, Hornig & Priest 2004; 2005; Pontin, Galsgaard, Hornig & Priest 2005) . So the exact details of how the fieldlines break and reconnect about separators is not entirely obvious.
For any magnetic energy release process the key questions are how, how much and where is the energy released. Furthermore, what is the rate of energy release? To answer these questions we will demonstrate that it is essential to know the skeleton of the magnetic field.
In this paper, we do not focus on the detailed physics of the reconnection process, but rather consider the MHD response of the magnetic field. The system considered involves a pair of opposite polarity magnetic sources that are driven antiparallel to each other in an overlying field. Thus the driving motions force the flux from the sources, which are initially open (unconnected), to close (become connected) and then reopen (become unconnected again). A number of papers have been written on this interaction (Galsgaard et al. 2000; Parnell & Galsgaard 2004; Galsgaard & Parnell 2005; Haynes et al. 2007 ). The first three papers considered the global structure of the evolution, the reconnection rate and the energetics, but ignored the skeleton. Haynes et al. (2007) revealed the surprisingly complex evolution of the magnetic skeleton for this relatively simple magnetic interaction experiment. Indeed, the skeleton evolves through many different phases where the magnetic field is closed or opened or both, known as a hybrid state.
By using the skeleton found in Haynes et al. (2007) to determine two independent calculations of the reconnection rate during the interaction of the sources we are able to determine the locations and types of reconnection occurring, as well as the rate of reconnection. Indeed, we demonstrate that it is not possible to calculate the correct reconnection rate without knowing the magnetic skeleton.
Firstly, the numerical model is described in Section 2. Section 3 recaps the details of the magnetic skeleton evolution. Sections 4 & 5 determine the rates of reconnection without and with knowledge of the skeleton, respectively. The process of recursive reconnection is considered in more detail in Section 6, with the conclusions discussed in Section 7.
Numerical Model
The setup for our numerical model is the same as that used in Galsgaard et al. (2000) , Parnell & Galsgaard (2004) , Galsgaard & Parnell (2005) and Haynes et al. (2007) . So here we do not discuss the details of the numerical code, but merely give a brief description of the magnetic setup.
A Cartesian 128 × 128 × 65 grid is used and is scaled to 1 × 1 × 1/4. The normal component of the magnetic field imposed on the base consists of two sources of radius r 0 = 0.065 and maximum magnetic field strength |B 0 | = 0.85. Initially, the positive source is centred on (1/3, 1/3, 0) whilst the negative source is centred at (2/3, 2/3, 0). The sources have a cosine profile, B z = B 0 (1 + cos(πr/r 0 )) /2, where r < r 0 is the distance from the centre of the source. To ensure that the two sources are initially disconnected an overlying field is added, B over = 0.12B 0ŷ . The sides of our domain are periodic and the top is closed.
Our initial equilibrium involves a potential magnetic field in a uniform atmosphere. The sources are advected across the base in driven strips parallel to the x-axis. The sources are accelerated from rest to a constant speed of 0.02 of the peak initial Alfvén speed, which is then maintained until the driver is switched off at 27 Alfvén times. The positive/negative source is driven along the base in the ±x direction such that the flux lobes from these sources are forced into each other.
A fifth-order spatial and third-order predictorcorrector temporal method is used to solve the standard set of resistive MHD equations. The experiment uses a hyper-resistivity and hyperviscosity, involving fourth-order derivatives and a discontinuous capture mechanism provides the highest possible spatial resolution for the given numerical resolution.
A description of the code is available at http://www.astro.ku.dk/∼kg/ and further particulars of the setup can be found in any of the papers in this series. All the times in this paper are given in numerical time. To convert all times to Alfvén crossing times divide the time by 0.82.
Evolution of Magnetic Skeleton
Despite the simplicity of the magnetic interaction under consideration Haynes et al. (2007) showed that the magnetic skeleton for the resistive MHD evolution of this magnetic configuration is surprisingly complex. The magnetic interaction involves just four magnetic sources, namely: P 1 & N 1 , the two flux sources in the domain, and P ∞ & N ∞ , the two sources at infinity that produce the overlying field. These four sources allow a maximum of four source pairs: P ∞ N ∞ (overlying flux), P 1 N ∞ (positive open flux), P ∞ N 1 (negative open flux) and P 1 N 1 (closed flux). Initially Table 1 : MHD skeleton evolution: Phases (Ph), number of separators (X), multiplicity of each source pair and total number of flux domains (D) in each phase of the MHD experiment. The number of coronal domains for each source pair are bracketed. Adapted from Haynes et al. (2007) .
the two sources P 1 and N 1 are unconnected and so there are just 3 flux domains and no separators. This magnetic field contains two null points on the source plane. The nulls are orientated such that their spines lie in the source plane. These nulls last throughout the experiment with just their positions varying in time. No other nulls are formed. As the two flux sources are driven across the base, and the flux from the sources interacts, the magnetic topology of the system evolves through seven phases, detailed in Table 1 . Example 3D magnetic fields from phases D2, D3, D4 and D5 are given in Figure 1 . Here, the separators are yellow and magnetic fieldlines from different flux domains are identified by different colours. The corresponding cross-section of the separatrix surfaces and flux domains in the y = 0.5 plane are plotted in Figure 2 .
Fig. 1.-3D magnetic field snapshots of the magnetic skeleton at t = 9.3, 17.9, 23.5 and 31.6 (rows from top to bottom). The fieldlines are coloured according to the domain within which they lie (cf 2D cross-sections):
The separators are shown as yellow field lines.
As the flux lobes from the sources P 1 (purple) and N 1 (green) are driven together they first interact above the source plane following a global doubleseparator bifurcation giving rise to two new separators (yellow) in phase D2, the double separator hybrid phase ( Figure 1a and 2a). Reconnection at these separators creates two new flux domains: a coronal one containing closed P 1 N 1 flux (red); and a domain containing trapped overlying P ∞ N ∞ field (brown) below the lower separator. This overlying flux is in a different domain to the surrounding overlying flux (pale blue) which connects the same two sources. Such a pair of domains are known as multiply connected (Parnell 2007) . reopened positive (dark blue) and negative (dark green) flux and two small trapped original positive (pink) and negative (orange) flux domains. Once again the reconnection at the two new lower separators is such that is uses up flux in the trapped domains below them resulting in their demise and the start of phase D5.
In D5, triple separator hybrid, there are three separators (yellow) and six flux domains: overlying (pale blue), closed (red), original/reopened positive open (purple/dark blue) and original/reopened negative open (green/dark green) (Figure 1d and 2d) . The final phase D6, single separator reopening, is entered when the flux in the domain between the left-hand and central separators is used up leading to a global double-separator bifurcation which destroys these two separators leaving four flux domains, one between each source pair (overlying, closed, positive and negative reopened) and a single separator. The skeleton here looks like that in phase D3 (Figure 1b and 2b) , but the direction of the reconnection is reversed.
The resistive MHD evolution of this magnetic interaction is considerably more complex than the potential interaction of the same setup (see Haynes et al. (2007) for details) which has no hybrid phases and simply evolves through four phases equivalent to D1, D3, D6 and D7, which we denote for the potential case as D p 1, D p 3, D p 6 and D p 7. The potential evolution involves at most a single separator and four domains in phases D p 3 and D p 6. Reconnection along the separator and across the separatrix surfaces first closes flux in phase D p 3 then it switches and in phase D p 6 it reopens the closed flux. These two processes do not overlap in the potential case.
In the following sections, we use the magnetic skeleton of our resistive MHD experiment to answer the following questions: Clearly, during the interaction of the two magnetic sources, P 1 and N 1 the magnetic flux evolves through the following states:
Thus, the most natural approach to finding the rates of reconnection in this experiment is to try and determine the rate of closing and the rate of reopening the magnetic field, as described in Parnell and Galsgaard (2004) . We know that these two reconnection processes occur simultaneously and must take this into account. The flux in each source is divided into 12,500 intense flux tubes with the maximum flux associated with any single tube just 0.03% of the total source flux. It is not possible to distinguish reopened flux from original open flux without tracking these intense flux tubes and noting when their connectivity changes. Thus, the end points of each intense flux tube are recorded at each time step such that when the flux tube changes from being open to closed or from closed to open this may be registered. The fraction of a source's total flux that is open, closed or reopened at any one time is plotted against time in Figure 3a . The total rate of reconnection determined using this approach, α ns (solid), is plotted in Figure 3b . It is equal to the sum of the rate of closing, α c (dashed) and rate of reopening, α o (dotted). However, is this the true reconnection rate?
5. Reconnection Rates using Knowledge of the Magnetic Skeleton
Parallel Electric Field
The electric field component parallel to the magnetic field is a measure of reconnection. In particular, it is possible to show that for a volume with a single isolated diffusion region the maximum integrated parallel electric field in the volume is equal to the reconnection rate within the volume . However, from Figure 3a , and our understanding of the evolution of the magnetic skeleton which involves hybrid phases, there are clearly two reconnection processes occurring simultaneously: one closing the field and a second reopening it. Hence, there are likely to be at least two diffusion regions within our box. Furthermore, by simply looking at the evolution of the magnetic skeleton it is highly suggestive that reconnection occurs at the separators and that it closes flux at the central separator X 1 during phases D2 through to D5 and opens flux at the long-lived side separators X 2 and X 3 during phases D4 and D5. There are also another three short-lived separators: reconnection at X 0 in phase D2 which reopens the field and reconnection at the X 4 and X 5 in phase D4 which both close the field. Thus, there may well be many diffusion regions within our box and so simply calculating the maximum integrated parallel electric field will not give us the true reconnection rate. To confirm that (i) the reconnection is actually occurring at the separators and (ii) that it is progressing in the directions we predict we reran our experiment again, at a higher time cadence, including tracer particles. These particles reveal very clearly the flow of the plasma and allow the field through each particle (plasma element) to be tracked. Hence, allowing easy identification of connectivity changes (reconnection). Figure 4 shows snapshots of the two-dimensional y = 1/2 cut through the skeleton. The two separatrix surfaces which intersect this plane are shown in black and clearly outline all the flux domains. The dots indicate where field lines from the tracer particles intersect the y = 1/2 plane. These points are colour-coded according to the field line's minimum perpendicular distance from a separator (black diamond). The minimum can be at any point along the length of the field line and does not have to be near the y = 1/2 plane. It could also be near to any separator -blue points are close to X 1 , green points are close to X 2 or X 5 and red ones are close to X 3 or X 4 . If the field line is not near (within 0.02 of) a separator it is coloured grey. Now when a particle crosses a separatrix surface into a new flux domain either the field line it lies on has reconnected or the particle itself must have been through a diffusion region where reconnection is occurring. Thus the crossing of particles from one domain to another is a signature of reconnection. From animations we can easily see the colour of the dots (particles) that cross to new flux domains and hence say whether the reconnection is separator reconnection or not. Furthermore, we can determine the direction of reconnection.
The snapshots in Figures 4a and 4b are taken during the D3 single separator phase and clearly show that blue points (and hence field lines that are close to X 1 ) outline a considerable length of the two separatrix surfaces. These fieldlines, which are all just about to reconnect, all lie within the positive or negative original open domains. After reconnecting, the new field lines lie in the closed or overlying domains and are expelled rapidly from the diffusion region and hence change to grey almost immediately. Thus, in phase D3, reconnection occurs at the separator X 1 and closes the field.
The third snapshot (Figure 4c ) is taken during the D4 quintuple separator hybrid phase and clearly shows five groups of coloured points relating to the five separators in this phase. The blue points show that reconnection is still closing the field at X 1 . The top left-hand green points correspond to field lines that are all close to separator X 2 . These points all lie in the closed or overlying field domains and are all about to reconnect, confirming that at X 2 reconnection reopens the flux. Similarly, the top right-hand collection of red points outlines the separatrix surfaces about the closest separator, X 3 . They again lie in the closed and overlying flux domains and are all about to reconnect, confirming that flux is reopened at this separator too. The two lower separators X 4 and X 5 have red and green points outlining the separatrix surfaces near them, respectively. Furthermore, these collections of coloured points mostly lie within the positive/negative original open and negative/positive trapped open domains. This implies that here the reconnection processes are closing the field once again.
Finally, Figure 4d , shows particles during the triple separator hybrid phase. Here, again we can see from the coloured points that the reconnection at the separators X 1 , X 2 and X 3 is closing, reopening and reopening, respectively, the field as in the previous phase. Hence, our hunches about how the reconnection progresses have been confirmed and thus we can now use this information to determine the true rates of reconnection within our experiment. -Contours of the electric current overlaid on the intersection of the separatrix surfaces (thick and thin lines) and separators (diamonds) with the y = 0.5 plane at times t = 17.9 and 31.6, respectively. In (a) an enlargement of the narrow current about the central separator is shown. In (b) the current structures about the left and right separators are broad. This is because the side separators enter and leave the plane as a shallow angle and so the cuts are not perpendicular to the longest dimension of the current sheet along these separators.
Since the tracer particles indicate that reconnection occurs at the separators we would expect that these special fieldlines would have local maxima in integrated parallel electric field corresponding to the rate of reconnection occurring about each separator. The snapshots in Figure 5 show contours of the electric current overlaid on the y = 0.5 plane cuts through the separatrix surfaces. These snapshots from the D3 and D5 phases show that the local separators do indeed coincide with local maxima in electric current, a proxy for the integrated parallel electric field (since E = ηj in our resistive MHD experiments). Fig. 6 .-Temporal variation of reconnection rates determined from E using knowledge of the skeleton. (a) β i , integrated E along each separator X i , (b) β s5 and β s , total reconnection rates from sum of β i (solid) and α ns flux-connectivity rate (dashed).
The time evolution (β i ) of the integrated parallel electric field along separator X i equals
where ℓ is the length along the separator X i . All temporal variations in each of these rates are plotted in Figure 6a . The β 0 , β 4 and β 5 curves (the latter two lie on top of each other) correspond to the short-lived separators. Due to the short lifetimes of these separators the reconnection does not have time to accelerate up to a fast speed and so only weak reconnection is found. The reconnection rates, β 1 , β 2 and β 3 at the other separators are similar during the whole of phase D5 where they decrease together. β 1 and β 2 last up until the end of phase D5 when the separators X 1 and X 2 are destroyed. After this there is only separator X 3 left which is destroyed at the end of phase D6. The total reconnection rate, β s5 , determined from E and using knowledge of the skeleton is simply equal to the sum of all individual reconnection rates,
This curve is plotted in Figure 6b as a solid line. We also over-plot (again solid) the total reconnection rate
which ignores all the short-lived weak separators. There are only minor differences between these two curves in two places and therefore from now onwards we will use the latter definition, β s . For comparison, we over-plot on this graph our earlier determination of the total reconnection rate, α ns , determined without knowledge of the skeleton. The two total reconnection rates compare reasonably well in phases D1 to D3 & D6 when there is only a single reconnection process (or a very short lived hybrid phase), hence, effectively only a single diffusion region. However, in the hybrid phases D4 and D5, the E reconnection rate, β s , is much higher than α ns the flux-connectivity reconnection rate. The estimate of α ns allowed for an overlap of the closing and opening so why does it underestimate the reconnection rate?
Rate of Change of Flux
As we have seen from above, the reconnection at X 4 and X 5 is weak and short lived and so we simply focus our attention on the separators X 1 , X 2 and X 3 that last through phases D4 and D5. A sketch of the intersection of the positive and negative separatrix surfaces (solid and dashed) with the y = 1/2 plane in phase D5 is shown in Figure 7 . The three separators are labelled, as are the Fig. 7. -Sketch of the cross-section at y = 1/2 in phase D5 labelling the flux domains, φ j , separators, X i , and the directions of reconnection (arrows).
negative and positive original open flux domains φ 2 & φ 3 and the positive and negative reopened flux domains φ 1 & φ 4 divided by these separators. The flux in the closed domain, φ c , is also labelled. From our tracer particle analysis we know that the reconnection at X 1 closes flux, transforming φ 2 and φ 3 flux into closed and overlying flux. By comparison, along the left-hand separator, X 2 , closed and overlying flux is reconnected converting it into reopened positive flux in φ 1 and reopened negative flux in φ 2 . Similarly, along X 3 the righthand separator, closed and overlying flux is being converted into reopened negative flux in φ 4 and positive open flux in φ 3 . The directions of these reconnection processes are indicated by the arrows on Figure 7 .
Clearly, here the domains with fluxes φ 2 , φ 3 and φ c are both gaining and losing flux at the same time. So simply measuring the temporal rates of change of these fluxes does not give us the correct rates. However, the domains with fluxes φ 1 and φ 4 are simply gaining flux (ignoring the reconnection along X 4 and X 5 in phase D4) and so knowing their rate of change enables us to determine the rates of change α 1 , α 2 and α 3 along the separators X 1 , X 2 and X 3 . To do this we make the natural assumption that at each separator equal amounts of flux are converted from one pair of domains into the other pair of domains around the separator, thus at X 2 equal amounts of closed and overlying flux are converted to positive and negative open flux, hence φ 1 and φ 2 increase by the same amount. Similarly, at X 3 the fluxes φ 3 and φ 4 are assumed to increase by the same amount.
Thus, along X 2 and X 3 the reconnection rates are determined to be, respectively,
and
Thus, along X 1 the reconnection rate in phases D4 & D5 is equal to the rate at which flux is being lost from φ 2 or equivalently φ 3 . Hence,
Note, that dφ 4 /dt is not just equal to the rate of increase of reopened negative flux since some of this flux also goes into φ 2 . Neither is it equal to half the measured increase in reopened negative flux, since considerably less reopened flux is observed in the φ 2 and φ 3 domains than in the φ 1 and φ 4 domains. The reasons for this could be (i) the reopened flux in φ 2 and φ 3 are reconnected again so quickly that at the current cadence of this experiment we are unable to observe these changes or (ii) the flux inside the sources is not simply advecting within them, but being diffused so that tracking individual flux tubes within the sources does not lead to an accurate tracking of field lines. Even if the latter is the most important of these two reasons it does not mean that the above flux changes are impossible to determine. Using the cross-section in the y = 1/2 plane we are able to accurately determine, at each instance in time, the fluxes φ c , φ 1 to φ 4 and hence the rates of change of these fluxes in time. Thus, we can calculate α 1 , α 2 and α 3 in all phases.
The temporal variations of the three reconnection rates, α 1 -α 3 , are shown in Figure 8a . They compare well with the individual β 1 -β 3 E reconnection rates (Figure 6a) . Furthermore, the total reconnection rate determined from flux changes using knowledge of the skeleton, is plotted as the dashed line in Figure 8b . This gives a close match to β s which is over-plotted as a solid line in Figure 8b . Unless the separator is traced perfectly, and the electric field is known to a high accuracy everywhere along the separator, then the integrated parallel electric field will be an underestimation of the true reconnection rate. Thus α s is typically slightly higher than β s .
Recursive Reconnection
The existence of hybrid reconnection phases involving multiple diffusion regions associated with multiple separators connecting the same two null points where different reconnection processes occur simultaneously means that recursive reconnection can occur. In particular, in the hybrid phases D4 and D5 flux evolves through the following states:
Indeed, the transformation from closed to open and back is for some flux a cycle that occurs several times. The first flux to be reopened occurs in phase D2, but this only amounts to a very small proportion of the total flux in a source. In phase D4 and D5 considerably more flux is recursively reconnected. Note, that from our tracer particle analysis a movie of the y = 1/2 cuts clearly reveals the circulatory flow of these particles confirming the existence of this recursive reconnection.
By integrating the reconnection rates, α 1 and α 3 we can estimate the total amount of flux from one source reconnected during the whole experiment. It is found that overall 3.6 times the total flux in a source is reconnected. From an equipotential evolution, and in fact our previous understanding of magnetic interactions, we would expect all the flux in a source to be reconnected just twice -first all the flux is closed and then it is reopened. Since all the flux is left in an open state at the end of the experiment flux must be reconnected an even number of times -flux maybe closed and then reopened n times, hence reconnected 2n times. So all the source flux cannot be reconnected 3.6 times and therefore we ask what proportions of the flux are reconnected n = 1, 2, 3, .. times? Unfortunately, it is not possible to determine directly from the data what fraction of the flux is reconnected more than twice since we are unable to accurately track flux tubes. However, by assuming that flux is reconnected in order, we can estimate the fractions of flux that are reconnected n times. During the first cycle all of the flux from the positive source is closed and then reopened. Clearly, 1/2 of this must end up in each of the two positive open flux domains: φ 1 , where it remains, and φ 3 where it may be recycled (Figure 7) . Thus 1/2 maybe closed and reopened a second time leading to a loss of another 1/4 of the total source flux to φ 1 . The remaining 1/4 in φ 3 is closed and reopened a third time leaving just 1/8 of the total source flux in φ 3 . Only 1/20 of the total source flux is then closed a fourth time. This is because phase D5 ends during this cycle and in phase D6 the flux is only reopened into φ we can show that the minimum number of cycles required to reconnect the flux from a single source 3.6 times is four: 1/2 of the flux is reconnected twice, 1/4 four times and 1/8 + 3/40 six times and just 1/20 eight times, making a total of 3.6.
Using the approach where the flux can only be reconnected in order and half is lost each time then it is easy to show that the maximum possible total amount of reconnected flux is < 4 times the source flux for a total of N cycles. The flow diagram in Figure 9 shows the fractions of positive source flux reconnected at each stage in each cycle between each flux domain. From this diagram it is easy to see that the total amount of source flux closed plus the total amount reopened, over a total of N cycles, is
Remember, this assumes that the flux is reconnected in order. From the particle analysis, however, we can see that the flow patterns suggest that flux that has just been reconnected is swept into the inflow region of the next reconnection site. This behaviour would of course explain our inability to count reopened flux in φ 2 and φ 3 . So in reality the number of cycles for some flux could well be higher than four, although it is not possible to prove this.
Conclusions
The aim of the paper was to answer four key questions about the nature of the reconnection during the interaction of a pair of opposite polarity magnetic sources in an overlying field.
• What are the locations of the energy release?
By comparing the integrated parallel electric field along field lines (or the electric current) to the skeleton it was found that the energy release locations are the separators. Furthermore, during the hybrid reconnection phases there were multiple separators leading to a wider distribution of energy than one would previously have anticipated.
• What type of reconnection occurs?
The dominant reconnection in our experiment is separator reconnection. This was confirmed by following field lines from tracer particles. It was found that all the field lines came very close to a separator just before they changed connectivity. Furthermore, these are also the locations of the highest integrated parallel electric fields (electric currents).
There were three different phases of reconnection, namely, closing, reopening and hybrid (involving closing and reopening) during the interaction. The hybrid phases were important because there were multiple separators during these phases connecting the same null pair (forming a multiplyconnected null pair, Parnell (2007) ). This resulted in the occurrence of a new process named recursive reconnection, in which the same flux was closed and then reopened repeatedly.
• What is the rate of reconnection during the interaction?
The rate of reconnection during the interaction varied greatly in time and could only be successfully determined using knowledge of the magnetic skeleton, because of multiplyconnected null pairs and extended phases of hybrid reconnection. However, from knowledge of the skeleton it was possible to use two approaches to determine the (same) reconnection rates throughout the interaction. From the direction of the reconnection at each separator we are able to determine the correct total reconnection rate by properly taking into account the transfer of flux between different flux domains, i.e. by noting that flux may both enter and leave simultaneously from within the same flux domain. These results were verified by comparing with the total integrated parallel electric field determined along each separator.
• What is the total amount of flux reconnected?
It was found that 80% more flux was reconnected during the resistive MHD interaction of the sources than during the equi-potential interaction. In the potential case flux is simply closed and then reopened. However, we have found that during the more realistic MHD interaction flux may be recursively reconnected, i.e. closed and then reopened may times. In this experiment we estimate that 1/2 the flux was reconnected twice, 1/4 four times, 1/8 six times and 1/20 reconnected eight times. However, it is possible that some flux is reconnected more than eight times. This means that the reconnection continues for a substantially longer period than it would do in a single separator case where no recursion occurs. Note, however, that the particular type of recursive reconnection we find here applies simply to the symmetric experiment we have studied here. If symmetry is lost then the fraction of flux being recursively reconnected in each cycle may be greater or less than 1/2. Furthermore, a loss of symmetry means that the duration of the recursive reconnection will also be different. For example, in the asymmetric version of our experiment the separators X 2 and X 3 are not created at the same time.
To answer all the questions above it has been essential to know and understand the evolution of the magnetic skeleton throughout the interaction. In particular, the hybrid phases where recursive reconnection occur could not be explained without it. Recursive reconnection results in (i) an enhanced global reconnection rate and (ii) energy release over a wider area for a longer period than in the case of single separator reconnection.
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